Feedforward GABAergic inhibition sets the dendritic integration window, thereby controlling timing and output in cortical circuits. However, the manner in which feedforward inhibitory circuits emerge is unclear, despite this being a critical step for neocortical development and function. We found that sensory experience drove plasticity of the feedforward inhibitory circuit in mouse layer 4 somatosensory barrel cortex in the second postnatal week via two distinct mechanisms. First, sensory experience selectively strengthened thalamocortical-to-feedforward interneuron inputs via a presynaptic mechanism but did not regulate other inhibitory circuit components. Second, experience drove a postsynaptic mechanism in which a downregulation of a prominent thalamocortical NMDA excitatory postsynaptic potential in stellate cells regulated the final expression of functional feedforward inhibitory input. Thus, experience is required for specific, coordinated changes at thalamocortical synapses onto both inhibitory and excitatory neurons, producing a circuit plasticity that results in maturation of functional feedforward inhibition in layer 4.
a r t I C l e S Layer 4 of rodent somatosensory barrel cortex is the major recipient of sensory input from the whiskers via the thalamus [1] [2] [3] . In the mature barrel cortex, thalamocortical transmission recruits parvalbumin-expressing, fast-spiking interneurons that impart feedforward inhibition onto layer IV excitatory stellate cells [4] [5] [6] [7] [8] [9] . This truncates the thalamocortical response in stellate cells and sets a restricted time window in which synaptic input can be integrated 6 . The duration of this integration window is a critical feature for neocortical circuits and primary sensory neocortex in particular, as it defines the temporal precision in neurons for faithful representation of sensory information encoded in thalamic synchrony 6, [10] [11] [12] . Thus, appropriate development of feedforward inhibition in layer 4 is an important prerequisite for sensory processing.
Recent work found that although fast-spiking interneurons in layer 4 barrel cortex are present by postnatal day 3 (P3), they are not incorporated into the network at this stage 7 . During subsequent development between P3-9, these interneurons are recruited to the network through a series of coordinated events in the layer 4 circuit 7 . Many circuit features of barrel cortex development are dependent on sensory experience 13, 14 , including, for example, receptive field formation in layer 4 (refs. 15-18) and layer 2/3 (ref. 19 ). However, it remains unclear whether sensory experience is required for the developmental emergence of thalamocortical-driven feedforward inhibition in layer 4 barrel cortex and, if so, the underlying synaptic mechanisms responsible. In addition, the role of sensory experience in the direct relationship between the developmental recruitment of feedforward inhibition and the effect on integration window during postnatal developmental has not yet been examined.
We found that sensory experience between P6-11 drove plasticity at thalamocortical inputs onto both inhibitory and excitatory neurons in layer 4 of the barrel cortex. These modifications involve different mechanisms despite being induced at synapses with the same presynaptic partner. At feedforward interneurons, there was an experiencedependent presynaptic change involving an increase in probability of release, whereas at stellate cells, experience drove a postsynaptic alteration involving a reduction of an NMDA receptor-mediated excitatory postsynaptic potential (EPSP). We propose that these coordinated, target-specific forms of experience-dependent synaptic plasticity combine to result in a narrow integration window in layer 4 stellate cells. Thus, our data suggest that sensory experience during postnatal development is essential for the circuit formation that is a prerequisite for appropriate sensory information processing.
RESULTS

Emergence of feedforward inhibition is sensory driven
We made whole-cell patch-clamp recordings from stellate cells in layer 4 barrel cortex and elicited synaptic responses by stimulating ventrobasal thalamus (Fig. 1a) . We calculated the GABA:AMPA ratio in stellate cells as a measure of the recruitment of feedforward inhibition (Online Methods). In recordings from control mice (normal whisker experience), the GABA:AMPA ratio exhibited a developmental increase, consistent with previous findings 7 , and this ratio continued to increase at least until P11 (Fig. 1b and Supplementary Fig. 1 ). Thus, thalamic recruitment of feedforward inhibition was significantly larger at P9-11 than at P6-8 (P < 0.001; Fig. 1b,c) as a result of an increase of the disynaptic feedforward inhibitory postsynaptic current (IPSC) amplitude relative to the monosynaptic excitatory postsynaptic current (EPSC) (Supplementary Fig. 1 ).
We then assessed the effects of sensory deprivation (that is, whisker trimming; Online Methods) on the developmental recruitment of feedforward inhibition. Whisker trimming reduced feedforward inhibition onto stellate cells at P9-11 ( Fig. 1d,e) . This effect was the a r t I C l e S result of a smaller disynaptic IPSC relative to the EPSC in stellate cells (Supplementary Fig. 2) . Notably, whisker trimming produced a number of cells at P9-11 that did not receive a feedforward IPSC (GABA:AMPA ratio = 0), a phenomenon that was never observed in P9-11 mice with normal whisker experience ( Fig. 1d and Supplementary Fig. 2 ). It must be noted that whisker trimming does not completely prevent the increase in the GABA:AMPA ratio that we observed between P6-8 and P9-11 (Fig. 1e) . It is possible that part of the developmental increase in feedforward inhibition may be independent of sensory experience. Another possibility, however, is that our deprivation protocol does not completely prevent sensory input. The whiskers were trimmed once a day and some whisker regrowth occurs in the 24-h period between trimmings. This regrowth may allow some limited sensory-driven input. Nevertheless, our data clearly demonstrate a role for sensory experience in mediating a developmental increase in feedforward inhibition.
Experience strengthens thalamic drive onto interneurons
The experience-dependent increase of GABA:AMPA ratio in layer 4 stellate cells could potentially arise from modifications of a number of components with the feedforward inhibitory circuit. We therefore investigated the effects of whisker trimming on this circuit using simultaneous recordings from feedforward interneurons and stellate cells (Fig. 2a) . We defined a feedforward interneuron as one that displays nonaccommodating, fast-spiking action potential discharge with deep after-hyperpolarizations 7 (Fig. 2b) . In addition, the interneuron must receive a thalamocortical input and have a synaptic connection to a stellate cell that, in certain experiments, accounted for all of the disynaptic feedforward inhibitory input elicited in the stellate cell at that given intensity of thalamic stimulation (Fig. 2c) . We compared the size of thalamocortical EPSCs evoked in simultaneously recorded feedforward interneurons and stellate cells by stimulation of the same thalamic inputs. In slices from untrimmed littermate controls, the thalamocortical EPSC in feedforward interneurons at P9-11 was approximately sixfold larger than in stellate cells (Fig. 2d-f) , consistent with previous studies 6, 8, 20 . However, in slices from whisker-trimmed mice, the thalamocortical EPSC in feedforward interneurons was only twofold larger than in stellate cells (Fig. 2d-f) . Thus, sensory experience drives a relative increase in the strength of the thalamocortical input to feedforward interneurons compared with stellate cells. These observed differences could be a result of a decrease in thalamocortical input to feedforward interneurons, an increase in the thalamocortical input to stellate cells or a combination of both. To investigate these possibilities and to examine the underlying synaptic mechanisms responsible, we compared synaptic properties of responses evoked at putative single thalamocortical axons using minimal stimulation protocol (Online Methods and Fig. 3a) . Whisker trimming caused an increase in failure rate of the thalamocortical input to feedforward interneurons (P < 0.01; Fig. 3b,c) . Although no effect on potency was observed (average EPSC amplitude excluding failures, P = 0.14; Fig. 3d ), the whisker trimming-induced change in failure rate resulted in a significant reduction in mean EPSC amplitude (EPSC amplitude including failures, P < 0.05; Fig. 3e ). We observed that whisker trimming during the same developmental period had no effect on the thalamocortical input to stellate cells ( Supplementary  Fig. 3 ), indicating that sensory-driven synaptic changes were specific to target cells. We investigated short-term plasticity (measured as paired-pulse ratio) at thalamocortical inputs onto feedforward interneurons. These synapses exhibited paired-pulse depression in untrimmed littermate controls, whereas there was marked pairedpulse facilitation in whisker-trimmed mice (P < 0.05; Fig. 3f ). It must be noted that failure to reliably elicit action potentials in axons can contribute to failures when using minimal stimulation protocols and we cannot exclude some contribution from such failures. a r t I C l e S However, the fact that we observed no changes in failure rate at thalamocortical-to-stellate cell inputs after whisker trimming (P = 0.12; Supplementary Fig. 3 ), combined with the previous observations that the same thalamocortical axons target both feedforward interneurons and stellate cells 6, 8 , makes this an unlikely explanation of our results. Also of note is that an increase in connectivity could contribute to the experience-dependent strengthening, but this is experimentally difficult to assess as we, and other groups, have found it impossible to record from pairs of thalamic and layer 4 neurons using conventional whole-cell recordings. We next investigated whether whisker experience affects synaptic transmission between feedforward interneurons and stellate cells (Fig. 4a,b) . In contrast with the thalamocortical input to feedforward interneurons, whisker trimming did not affect the probability (connection = 57 and 60% in untrimmed and trimmed mice, respectively, n = 14 and 15; data not shown), the strength (P = 0.13; Fig. 4c ) or short-term plasticity (P = 0.23-0.28 for all responses in train; Fig. 4d) of the feedforward interneuron-to-stellate cell connection. In addition, no significant changes were noted in the decay kinetics of the unitary IPSC mediated by feedforward interneurons at stellate cells (τ decay of unitary IPSC = 5.5 ± 0.3 and 5.0 ± 0.36 in P9-11 trimmed and untrimmed littermates, respectively, P = 0.16; data not shown). We also found that whisker trimming had no effect on firing frequency, threshold, input resistance or the membrane time constant of feedforward interneurons ( Supplementary Fig. 4) .
Together, these findings indicate that sensory experience selectively modifies the thalamic input to feedforward interneurons but does not influence thalamocortical inputs to stellate cells, intracortical aspects of the feedforward inhibitory circuit or changes in intrinsic properties of interneurons. Thus, the developmental increase of the GABA: AMPA ratio observed 7 (Fig. 1b) is mediated by a selective sensoryexperience increase in thalamic recruitment of feedforward interneurons via presynaptic changes that are, at least in part, the results of an increase in release probability. . Two-tailed Mann-Whitney U test was used for data in f. **P < 0.01. Error bars represent s.e.m. (f) Paired-pulse ratio (S2/S1) of mean peak amplitudes of thalamocortical unitary EPSCs onto a feedforward interneuron in untrimmed and whiskertrimmed littermates (n = 7-8). Two-tailed Mann-Whitney U test was used. *P < 0.05 and **P < 0.01. Error bars represent s.e.m.
a r t I C l e S
Developmental disparity between inhibition and truncation Feedforward inhibition in the mature layer 4 circuit shortens the integration window in stellate cells by truncating the thalamocortical postsynaptic potential (PSP), thus influencing dendritic integration and spike output of stellate cells 6 ( Supplementary Fig. 5 ). We analyzed the underlying synaptic mechanisms responsible for the developmental increase in feedforward inhibitory input in layer 4 that occurs between P6 and P11 ( Figs. 1-4) . However, these analyses do not address the question of when during this developmental period does the inhibitory input start to have its functional effect by setting a narrow integration window in stellate cells, as is observed in the mature circuit. We first assessed the extent of feedforward inhibition by measuring the GABA:AMPA ratio in each stellate cell (Fig. 5a ) under voltage clamp during the P6-11 developmental period. We then switched to current-clamp mode to examine the resultant thalamocortical PSP time course at resting membrane potential (−60 to −75 mV; Fig. 5b ) and used PSP half-width as a measure of the integration window. The mean peak amplitude of the thalamocortical PSPs in stellate cells was 7.4 ± 0.45 mV, corresponding to a mean membrane potential at the PSP peak of −65 mV ± 0.63 mV (n = 70; data not shown). At P6-8, the PSP half-width was significantly larger than at P9-11 (P < 0.001; Fig. 5c,d) . The relationship between GABA: AMPA ratio and PSP half-width (Fig. 5e,f) indicated that approximately 40% of P6-8 cells had GABA:AMPA ratios close to zero and exhibited PSPs with long time courses, consistent with the lack of feedforward inhibitory input. Approximately 35% of P9-11 cells had large GABA:AMPA ratios (>4) and very rapid PSPs, indicative of truncation via strong functional feedforward inhibition. However, a proportion of stellate cells at P6-8 had relatively large GABA:AMPA ratios, but there was little shortening of the PSP. This phenomenon was particularly apparent for P6-8 cells with GABA:AMPA ratios of 2-4; in these cells, feedforward IPSC amplitude was up to fourfold greater than that of the EPSC, but there was relatively little truncation ( Fig. 5b,e,f) . At P9-11, however, cells with similar GABA:AMPA ratios of 2-4 did exhibit a marked shortening of the PSP (Fig. 5b,e,f) . These data suggest the presence of a disparity in the extent of thalamocortical PSP truncation between P6-8 and P9-11 stellate cells that exhibit essentially the same amount of feedforward inhibition. The disparity suggests that there is an additional process in stellate cells that regulates the effectiveness of a given amount of feedforward inhibition to produce truncation of the thalamocortical excitatory input at stellate cells. One possibility is that developmental changes in the intrinsic membrane properties of stellate cells contribute to the differences in the integration of feedforward excitatory and inhibitory currents. However, in stellate cells with GABA:AMPA ratios of 2-4 there were no differences in input resistance, whole-cell capacitance, membrane time constant or resting membrane potential at the two a r t I C l e S age groups tested (P6-8 and P9-11; Supplementary Fig. 6 ). Another potential explanation is that the relative depolarizations mediated by thalamocortical stimulation are not equivalent between the two age groups, thus leading to differences in the driving force for the GABA A receptor-mediated feedforward inhibitory current. However, there was no difference in PSP amplitude between the two groups, excluding this explanation (Supplementary Fig. 6 ). An additional possibility is a developmental change in the GABA A receptor subtype expressed postsynaptically on stellate cells that could contribute to differences in the integration of inhibitory currents. However, we found no difference in the time constant of IPSC decay between the two groups ( Supplementary Fig. 6 ), making this an unlikely explanation. Although we cannot fully rule out potential and differential contributions from subthreshold active conductances, the above possibilities cannot underlie the disparity that we observed.
Presence of NMDA-mediated EPSPs at resting potentials We next investigated whether developmental changes in the properties of thalamocortical transmission onto stellate cells between P6-8 and P9-11 influence the integration window. Thalamocortical EPSCs recorded in voltage clamp at a holding potential (V h ) of −70 mV in P6-8 stellate cells (Fig. 6a) had a surprisingly large NMDA receptor-mediated current (Fig. 6b) that carried a similar amount of charge as the AMPA receptor-mediated component (Fig. 6c) . Current-voltage (I-V) analysis of pharmacologically isolated NMDA receptor-mediated EPSCs confirmed the existence of this prominent NMDA receptor-mediated component at close to resting membrane potential (−60 to −70 mV; Fig. 6d ). Consistent with these data, in current-clamp mode, a large thalamocortical NMDA receptor-mediated EPSP was recorded in stellate cells that could be evoked at resting membrane potential even in the absence of AMPA receptor-mediated depolarization (Fig. 6e,f) . The size of the pharmacologically isolated NMDA receptor-mediated EPSC at resting membrane potential values was significantly reduced during development. The NMDA EPSC peak at V h of −70 mV as a percentage of NMDA EPSC peak at −30 mV (maximal inward NMDA current) was 41% ± 4% and 24% ± 3% for P6-8 and P9-11, respectively (P < 0.05; data not shown). In addition, the ratio of the NMDA and AMPA receptor-mediated components of the thalamocortical EPSC measured at −70 mV (Online Methods) at P9-11 was about half that observed at P6-8 (Fig. 6g) . Because we observed a decrease in the size of the NMDA receptor component (P6-8, 11.9 ± 1.25; P9-11, 5.7 ± 1.2 pA; P < 0.001; data not shown) but no significant difference in the size of the AMPA receptor-mediated component (P6-8, 148 ± 10; P9-11, 146 ± 9 pA; P = 0.17; data not shown), the developmental decrease in the NMDA:AMPA ratio observed is a result of a decrease in the contribution of the NMDA receptor-mediated component to thalamocortical synaptic transmission in stellate cells. The developmental shift in the NMDA:AMPA ratio is also prominent between cells in the two age groups that have the same GABA:AMPA ratios (P < 0.01; Fig. 6h ), in particular those with GABA:AMPA ratios between 2 and 4. Taken together, these data indicate that there is an NMDA receptor-mediated component that is substantially present at resting membrane potentials in stellate cells at P6-8 and is downregulated over the next few days (P9-11).
NMDA component offsets feedforward inhibitory truncation
The relatively slow NMDA receptor-mediated EPSP observed in stellate cells could prolong the PSP and therefore act in an opposite manner to feedforward inhibition with regard to the PSP half-width (Fig. 7) . This could explain our previously noted discrepancy in the PSP half-width between stellate cells at differing developmental stages that receive similar amounts of feedforward inhibitory input (Fig. 5f) . We tested this possibility by investigating whether there is a correlation between the size of the NMDA receptor-mediated component of the thalamocortical EPSC (measured as the NMDA:AMPA ratio at a holding potential of −70 mV) and PSP half-width for all a r t I C l e S stellate cells with GABA:AMPA ratios of 2-4. Note that changes in the NMDA:AMPA ratio in this subset of stellate cells reflect differences in the contribution of the NMDA receptor-mediated component to thalamocortical synaptic transmission, as we found a decrease in the NMDA receptor component (P6-8, 10.3 ± 2.6, n = 8; P9-11, 4.7 ± 0.9 pA, n = 9; P < 0.01; data not shown) but no significant difference in the size of the AMPA receptor-mediated component (P6-8, 135 ± 14, n = 8; P9-11, 137 ± 19 pA, n = 9; P = 0.18; data not shown). A strong correlation was observed (r = 0.69, P < 0.01), indicating that those cells with larger NMDA receptor-mediated components had longer PSPs (Fig. 7b,c) , even though the GABA:AMPA ratios (that is, the amount of feedforward inhibitory input) were similar (P6-8, 2.84 ± 0.2, n = 8; P9-11, 2.69 ± 0.3, n = 9; P = 0.21). We next examined the effects of acute NMDA receptor blockade on PSP half-width in stellate cells. For this experiment, the amount of feedforward inhibitory transmission (that is, GABA:AMPA ratio) was first determined in voltage clamp. Next, in current-clamp mode in the same cells, PSPs were recorded before and in the presence of bath-applied NMDA receptor antagonist d-AP5 (50 μM) and, in a final step, the presence of any GABA A receptor-mediated IPSP was tested by subsequent addition of gabazine (GBZ, 10 μM). In stellate cells exhibiting no feedforward IPSCs (GABA:AMPA ratio = 0), application of d-AP5 caused a shortening of the PSP, indicating that there was an NMDA receptor-mediated component to thalamocortical transmission, as described above (Fig. 6) . Subsequent addition of GBZ had no further effect on PSP half-width, confirming the lack of any functional feedforward inhibition in these stellate cells (Fig. 7d,e,h) . In stellate cells with high GABA:AMPA ratios (>4), addition of d-AP5 had no effect on PSP half-width, but addition of GBZ caused a marked prolongation of the PSP (Fig. 7d,f,h) . This is consistent with strong truncation by feedforward inhibition in these cells and a lack of influence of an NMDA receptor-mediated EPSP component on the PSP half-width. For P6-8 cells in the critical 2-4 range of GABA:
AMPA ratios, d-AP5 caused a large reduction in PSP half-width and subsequent addition of GBZ and d-AP5 caused a prolongation of the PSP (Fig. 7d,g,h) . Thus, NMDA receptor blockade in the P6-8 cells with GABA:AMPA ratios of 2-4 is sufficient to reveal a marked PSP truncation mediated by feedforward inhibition. This indicates that the prominent NMDA receptor-mediated EPSP results in a relatively long PSP half-width (~60 ms) even in the presence of substantial feedforward inhibitory input in stellate cells. It should be noted that the mean control PSP amplitude in stellate cells in these experiments was 8.8 ± 0.9 mV, which corresponds to a mean membrane potential at the depolarized peak of the PSP of −64 ± 1.3 mV (n = 13). Note that d-AP5 or d-AP5 + GBZ did not cause any change in membrane potential in stellate cells (Supplementary Fig. 7) , excluding this as an alternative explanation to the effects of the drugs. d-AP5 caused a trend to a small depression of thalamocortical to feedforward interneuron transmission (Supplementary Fig. 7) , thus excluding an effect of NMDA receptor blockade at the thalamocortical input to feedforward interneurons as an explanation for the d-AP5-mediated unmasking of feedforward inhibition.
We also investigated the effects of blocking the feedforward inhibitory input in P6-8 stellate cells with a GABA:AMPA ratio of 2-4 using local perfusion of GBZ. This blockade of feedforward inhibitory input caused a further prolongation of the PSP ( Supplementary  Fig. 8 ), resulting in PSP half-width values similar to those observed in stellate cells exhibiting no feedforward inhibitory input but with a large NMDA component (that is, GABA:AMPA ratio = 0; Figs. 5f and 6h).
Thus, these data suggest that the prominent NMDA component present at P6-8 prolongs the PSP, whereas feedforward inhibitory input in the same cells independently acts to shorten the PSP. These two components driven by thalamocortical input interact with each other to influence the absolute PSP half-width and set the integration window in stellate cells. a r t I C l e S Sensory-experience reduces NMDA receptor-mediated offset Our data indicate that the developmental upregulation of feedforward inhibitory input combined with the downregulation of the thalamocortical NMDA EPSPs in stellate cells results in the emergence of marked PSP truncation by P9-11. We investigated whether experience is also involved in modulating the interaction between the feedforward inhibitory and the NMDA receptor-mediated inputs at stellate cells. Consistent with reduced feedforward inhibition (Fig. 1d,e) , whisker trimming caused a significant increase in PSP half-width (P < 0.05; Fig. 8a-d) and, in cells with GABA:AMPA ratios < 4, there was minimal PSP truncation similar to that observed in P6-8 stellate cells (Fig. 8e,f) . When the relationship between PSP half-width and NMDA: AMPA ratio (at holding potential = −70 mV) was analyzed, cells in the critical GABA:AMPA ratio range of 2-4 (from both whisker-trimmed and untrimmed littermates) showed a strong positive correlation (r = 0.65, P < 0.01) between the amount of NMDA EPSCs and PSP half-width, but cells from the trimmed group consistently showed larger NMDA:AMPA and PSP half-width values, with a distribution of values similar to those for P6-8 (Fig. 8g,h ). These findings indicate that sensory experience is involved in reducing the prolonging offset mediated by thalamocortical NMDA receptor transmission, thus resulting in smaller PSP half-widths produced by a given amount of feedforward inhibition.
DISCUSSION
Our data indicate that whisker experience during development recruits feedforward inhibition onto stellate cells in layer 4 barrel cortex by strengthening the thalamocortical input onto feedforward interneurons. This occurs via a presynaptic mechanism involving an increase in release probability. For this increased feedforward inhibitory input to effectively set a narrow integration window in stellate cells, we found that a second experience-dependent step occurred. At P6-8, thalamocortical inputs to stellate cells exhibited a notably large NMDA receptor-mediated EPSP at resting membrane potentials that prolonged the PSP and thus effectively offset the truncation mediated by feedforward inhibition. An experience-dependent downregulation of this component removed this offset, allowing the feedforward inhibitory input to truncate the PSP resulting in a narrow integration window. Thus, sensory experience drives two distinct forms of developmental synaptic plasticity at thalamocortical inputs onto feedforward interneurons and stellate cells (Supplementary Fig. 9 ).
Sensory manipulations involving whisker deprivation/whisker sparing procedures starting at P0-12 are known to profoundly affect the response properties of layer 4 neurons subsequently recorded in vivo in adult animals. In such studies, whisker manipulations are typically chronic, lasting for many weeks, and result in increased spontaneous activity, increased whisker-evoked activity and an enlargement of receptive field in layer 4 excitatory neurons [15] [16] [17] [18] . Intracortical inhibition in layer 4 is also altered by whisker manipulations as are the dynamics of the whisker-evoked responses of fast-spiking units, presumed inhibitory interneurons 17 . Notably, the effects on the layer 4 circuit are not reversible, persisting if whiskers are allowed to regrow from P30 (refs. 15-18) . Thus, these studies point to a critical period of circuit maturation in layer 4 taking place during the first two postnatal weeks. Of particular relevance to our study is the finding that intracortical inhibition and inhibitory interneuron response properties are altered with deprivation in the second postnatal week [16] [17] [18] . Moreover, a r t I C l e S these findings provide evidence that thalamocortical mechanisms, similar to those described here, underlie such changes. Taken together with our data, these findings suggest that experience-driven maturation of thalamocortical inputs to layer 4 during postnatal development are important for defining the mature response properties of both excitatory and inhibitory neurons in layer 4. Previous work has highlighted a number of coordinated synaptic and cellular changes that underlie a rapid engagement of feedforward interneurons during development of barrel cortex 7 . These include an increased thalamic drive to feedforward interneurons and an increased connectivity/synaptic strength between feedforward interneurons and stellate cells 7 . We found that sensory experience during the same developmental period altered thalamocortical drive to feedforward interneurons does not influence intracortical feedforward interneuron-to-stellate cell connectivity or strength. Notably, in layer 4 visual cortex, intracortical connections from fast-spiking interneurons onto glutamatergic principal cells undergo marked potentiation following 2 d of sensory deprivation 21 . In these studies, however, sensory deprivation was initiated in older animals, when functional inhibition had already been established. In addition, longterm whisker deprivation (for at least 20 d starting from the first postnatal week) results in feedforward interneurons that fire action potentials less robustly 17, 22 . Here we observed no substantial alterations in the passive membrane properties or intrinsic excitability of feedforward interneurons. These observations, taken together with our findings, indicate that experience-driven plasticity of neural circuits is not uniform in nature across different neocortical regions and appears to be differentially affected by the length and developmental timing of sensory deprivation.
The fact that sensory experience results in circuit changes at the thalamocortical input to feedforward interneurons and stellate cells points to the involvement of activity-dependent synaptic plasticity. Indeed, there is strong evidence for the idea that LTP and LTD underlie experience-dependent modification of cortical circuits in barrel 23, 24 and visual cortices 21, 25, 26 . Thalamocortical synaptic transmission onto interneurons mediating feedforward inhibition in layer 4 barrel cortex is mediated primarily by GluR2-lacking, Ca 2+ -permeable AMPA receptors 20 . In hippocampus, excitatory inputs onto interneurons with similar synaptic properties exhibit anti-Hebbian LTP that has a presynaptic locus of expression involving increase in the release probability 27, 28 . This shares similarities with the synaptic mechanisms underlying the sensory experiencedependent recruitment of feedforward inhibition that we discovered and therefore constitutes a potential candidate mechanism, although a direct link remains to be shown.
Previous studies have found sensory experience-driven synaptic changes in NMDA receptor expression in various sensory cortices [29] [30] [31] . Our results suggest that the subtype of NMDA receptor expressed at thalamocortical synapses onto stellate cells in layer 4 barrel cortex at P6-8 had a reduced voltage-dependent Mg 2+ block. Furthermore, the sensory-mediated downregulation is an important step in the emergence of thalamocortical PSP truncation in stellate cells. The presence of functional NMDA receptor subunits that confer low Mg 2+ sensitivity have been identified in stellate cells [32] [33] [34] . Notably, the expression of these subunits has been shown to peak at the end of the first postnatal week [35] [36] [37] , corresponding to the developmental period at which we observed substantial NMDA receptor-mediated signaling around resting membrane potentials. Recent work has shown that, at developing hippocampal CA1 synapses, activity-dependent mechanisms exist that result in plasticity of NMDA-receptor expression via either removal or switching of subunits 38, 39 . Similar mechanisms, driven by sensory experience, could serve to convert the relatively Mg 2+ -insensitive NMDA receptor to one that is effectively blocked by Mg 2+ at resting membrane potentials during development. However, future work is required to determine the subunit composition of the NMDA receptor that offsets feedforward inhibition and the exact synaptic mechanism(s) underlying its experience-dependent downregulation.
The presence of distinct sensory-driven synaptic mechanisms that we observed raises the question of why such tuning of feedforward inhibition during development is needed. Layer 4 barrel cortex contains a predominance of excitatory stellate cells that are highly interconnected in the mature circuit [40] [41] [42] . At the beginning of the second postnatal week, at the same time as feedforward inhibition emerges, the connectivity of the stellate cell excitatory network increases rapidly (Ashby, M.C. and J.T.R.I., unpublished observations). We hypothesize that this rapidly developing excitatory network needs to be counterbalanced by a corresponding increase in functional feedforward inhibition to maintain network excitability at a constant level. The mechanism that we found, which uses a change in feedforward excitation to rapidly switch on feedforward inhibition that is already in place, potentially provides an ideal process for enabling coordinated developmental recruitment of balanced feedforward inhibition. Moreover, as layer 4 matures, the integration window, which is initially very large and promotes induction of long-term synaptic plasticity, needs to be shortened to provide the mature circuit with the necessary temporal precision to faithfully represent sensory input arriving from the whiskers. The underlying synaptic plasticity mechanisms that we found achieve this important change to the circuit in response to sensory experience during a brief, defined period of development.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
